A systematic review of protocol studies on conceptual design cognition by Hay, Laura et al.
Design Computing and Cognition DCC’16. J.S. Gero (ed),   
pp. xx-yy. © Springer 2016 
 
1
A systematic review of protocol studies on conceptual 
design cognition 
Laura Hay, Chris McTeague, Alex H. B. Duffy, Laura M. Pidgeon,  
Tijana Vuletic, Madeleine Grealy 
University of Strathclyde 
This paper reports the first systematic review and synthesis of protocol 
studies on conceptual design cognition. 47 studies from the domains of ar-
chitectural design, engineering design, and product design engineering 
were reviewed towards answering the following question: What is our cur-
rent understanding of the cognitive processes involved in conceptual de-
sign tasks carried out by individual designers? Studies were found to re-
flect three viewpoints on the cognitive nature of designing: design as 
search; design as exploration; and design activities. Synthesising the find-
ings of individual studies revealed ten categories of executive and non-
executive function studied across the viewpoints: visual perception; mental 
imagery; semantic association; long term memory; working memory; se-
lective attention; creative thinking; evaluation and decision making; exter-
nalisation; and reasoning and problem solving. The review highlights sev-
eral avenues for future research, centering on the need for general 
formalisms, more objective methods to supplement protocol analysis, and 
a shared ontology of cognitive processes. 
Introduction 
Conceptual design refers to the early stages of the design process, where 
design requirements and solutions may be fuzzy, unstructured, and/or ill-
defined [1,2]. Generating a high number of ideas during conceptual design 
is believed to increase the likelihood of achieving a desirable product in 
terms of cost and quality [3]. Thus, conceptual design may have a signifi-
cant impact upon design performance later in the design process. However, 
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there is a lack of clarity regarding the nature of the cognitive processes in-
volved in this influential phase of designing. Jin and Benami [3] note that 
whilst cognitive processes “are at the center in developing new ideas, they 
are rarely taken into account in research and development of design sup-
port methods and systems” (p.191). In a more recent study, Kim and Ryu 
[4] claim that conceptual design involves “perception, problem solving, 
reasoning, and thinking about the design.” Nonetheless, they argue that 
there is a need for thorough research “to better understand designers’ in-
ternal cognitive processes” (p.519). More generally, Dorst and Cross [5] 
note that the internal mechanisms involved in creative idea generation are 
“mysterious (and often mystified)” (p.425).  
The systematic review method 
A plethora of empirical studies have been conducted on conceptual design 
cognition since the late 1970s, contributing a wealth of observations on 
different aspects of cognition and the factors affecting it in the early stages 
of design [6,7]. However, there has thus far been only a single attempt to 
systematically review and synthesise the findings from these studies [8]. 
This review focused largely on methodological aspects of protocol analy-
sis; a similar exercise could provide greater clarity on the cognitive pro-
cesses involved in conceptual design. Whilst Cross [6] and Dinar et al. [7] 
provide detailed and instructive treatments of empricial studies on design 
cognition, their reviews are broader in scope and cannot be considered to 
be systematic in nature. The systematic literature review is a research 
method whereby every quality publication on a particular topic is gathered 
and synthesised through a rigorous and transparent process.  The intention 
is that all valid and reliable evidence relating to a particular phenomenon is 
considered by the researcher, minimising the potential for bias. Adherence 
to guidelines for conducting and reporting systematic reviews (e.g. the 
PRISMA guidelines [9]) ensures that a systematic literature review is fully 
reproducible, and therefore meets the same standards typically applied to 
empirical research. Consequently, systematic reviews can provide a foun-
dation for the development of formal theories and models of conceptual 
design cognition. 
To address the need for greater clarity on the nature of the cognitive 
processes involved in conceptual design, this paper presents the findings of 
the first systematic review of protocol studies specifically focusing on 
conceptual design cognition. Studies from the domains of architectural de-
sign, engineering design, and product design engineering were considered. 
The review aimed to answer the following research question by synthesis-
ing the findings of individual studies: What is our current understanding of 
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the cognitive processes involved in conceptual design tasks carried out by 
individual designers? We focused on protocol studies because unlike other 
empirical methods, protocol analysis is generally considered to provide di-
rect access to a designer’s cognitive processes [7,10]. Consequently, Cross 
[6] notes that the method “has become regarded as the most likely method 
(perhaps the only method) to bring out into the open the somewhat myste-
rious cognitive abilities of designers” (p.80). 
Methods 
Our approach was informed by the PRISMA guidelines for systematic re-
views [9]. The review was conducted by two researchers with a back-
ground in product design engineering, with input from a cognitive neuro-
science researcher where required.  
Review scope 
As stated previously, the review focused on the conceptual design phase of 
the design process. Only studies focusing on design tasks carried out by 
individual designers were included; studies examining group-based tasks 
were not considered. Studies from three design domains were included in 
the sample: 
 Engineering design, i.e. the design of technical products, with a 
primary focus on relatively complex functional requirements [11].  
 Product design engineering, i.e. the design of products involving a 
combination of functional requirements and requirements for as-
pects such as form, aesthetics, usability, ergonomics, and market-
ing/branding issues [12,13]. 
 Architectural design, i.e. the design of buildings, their interiors, 
and their surroundings. Like product design engineering, architec-
tural design may involve a combination of functional and non-
functional requirements [14]. 
 
Findings from studies originating in these domains are argued to be com-
parable, and therefore conducive to synthesis, on the basis that they adopt 
similar: (i) views on the nature of designing, i.e. designing is generally 
considered to involve identifying a function to meet a need, developing 
behaviours to fulfil the function, and synthesising structures to exhibit the 
behaviours [15]; and (ii) paradigms for describing design cognition, i.e. the 
problem solving and reflective paradigms as discussed by [16]. 
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Search strategy and article selection process 
A flowchart outlining the article selection process and the number of arti-
cles included/rejected at each stage is presented in Figure 1. Literature was 
initially gathered through searches of major engineering and psychology 
databases (e.g. Compendex, Technology Research Database, and 
PsycINFO) conducted between 27th March 2015 and 3rd April 2015. 
Search terms are presented in Figure 2. Following removal of duplicate ar-
ticles, a range of study types were identified within the corpus e.g. con-
trolled experiments, protocol studies, case studies, and surveys. It was de-
cided to focus the review on protocol studies for reasons stated in the 
introduction. These underwent eligibility assessment against six inclusion 
criteria (Table 1); the reference lists of included articles were then manual-
ly searched to identify further candidates for inclusion. Additional candi-
dates were also identified from follow-up database searches using terms 
reflecting the protocol analysis method (run on 9th October 2015). All can-
didates for inclusion underwent eligibility assessment against the criteria in 
Table 1. Note that conference papers published prior to 2005 were exclud-
ed on the basis that they largely constituted early versions of research that 
was later re-published and updated in a journal article, e.g. [17–19]. Eligi-
ble articles from initial database searches, reference list searches, and fol-
low-up database searches were then consolidated to produce a final set of 
47 articles for inclusion in the review. 
Table 1 Inclusion criteria 
No. Criterion 
1 Article must be published in English. 
2 If constituting a conference paper, article must be published during or after 
2005. 
3 Article must report original research. 
4 Study participants must be individual designers, i.e. not pairs or groups. 
5 Study participants must carry out a conceptual design task within the do-
mains of engineering design, product design engineering, or architectural 
design. 
6 Authors must identify cognitive processes involved in a conceptual design 
task.  
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Fig1. Article selection process (adapted from [9]) 
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Fig2. Search terms and search structure 
Characteristics of reviewed studies  
Studies included in the review are denoted with * in the reference list at 
the end of this paper. Owing to space limitations, it was not possible to in-
clude the full sample in this paper. Key characteristics of the studies may 
be summarised as follows: 
 The oldest study was published in 1984 [20], and the newest in 
2015 e.g. [21]. 53.2% of studies were published in the last 10 
years. 
 76.6% of the articles reported full protocol studies, and 23.4% re-
ported analyses of existing protocol data. 
 Studies involved a total of approximately 350 participants, ranging 
from a minimum of 1 to a maximum of 36 participants per study 
and an average of 7 participants. Participants included practicing 
designers and architects, along with students at undergraduate, 
Master’s, and PhD level. 
 The experience levels of participants ranged from 0 to 38 years, 
although authors were observed to apply inconsistent definitions 
of “experience.” 
 45 distinct design tasks were studied – 44.4% architectural design, 
42.2% product design engineering, and 13.3% engineering design. 
 The following types of data were gathered by authors: concurrent 
verbalisations during tasks (68.1%); retrospective verbalisations 
after tasks (23.4%); combined current and retrospective verbalisa-
tions (8.5%); video of designer behaviour (84.4%); and physical 
sketches (51.1%). 
 The length of verbal protocols ranged from 15 to 600 minutes.  
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Focus of reviewed studies 
Collectively, studies were found to reflect three viewpoints on the cogni-
tive nature of designing: (V1) design as search; (V2) design as exploration; 
and (V3) design activities. A range of focus areas were then identified 
from studies associated with each viewpoint, as summarised in the sub-
sections below. Note that the research question is answered later in the pa-
per. 
Viewpoint 1: design as search 
The first viewpoint reflected in the studies considers designing to consti-
tute a goal-directed search process. Central to this viewpoint is the per-
spective that a designer may be modelled as an information processing sys-
tem (IPS) [22,23]. As an IPS, a designer transforms information from input 
to output states via the execution of elementary information processes 
known as operators [23]. These transformations may be termed state 
transformations [2,20].   
Stauffer and Ullman [23] suggest that during designing, the processor 
component of the IPS “accesses information from the LTM [long term 
memory] into the STM [short term memory, i.e. working memory] as it is 
needed by the operators” (p.117). Operators then act on the retrieved in-
formation in working memory to effect a transformation of the design 
state, which is proposed to be manifested initially as changes in the infor-
mation content of working memory. Drawing from the work of Newell and 
Simon [24], Chan [22] highlights that the sequence of operators and state 
transformations involved in conceptual design may be formalised as “a 
search through […] knowledge states” (p.64) i.e. a search process. Studies 
on design as search were found to reflect three focus areas, which are 
briefly summarised below. 
Search processes and their context in problem spaces. Search process-
es are considered to be bounded by a problem space. The problem space 
encompasses knowledge of the initial problem state, a goal state, and all 
possible design states in between these two states. Design as search may 
then be viewed as a sequence of state transformations, beginning with the 
problem state and proceeding through intermediate design states until the 
goal state is reached [2,22–24]. Transformations may be (i) lateral, i.e. 
generation of a new solution, or (ii) vertical, i.e. elaboration of a current 
solution [2]. Design problem spaces are typically large owing to the ill-
defined nature of design problems; however, a designer may reduce the 
size of the space to be searched by implementing constraints [2,22]. Search 
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processes are further managed with design goals specifing desired design 
states [22,23].  
Search methods, control strategies, and knowledge schema. Operators 
may be applied in different combinations and sequences to reach a solution 
and manage the search process. These patterns of operator execution are 
described as search methods [23] and control strategies [22], respectively. 
Owing to the necessary space limitations of a conference paper, the full 
range of search methods, control strategies, and operators identified from 
the reviewed studies cannot be presented here. Chan [22] proposes that op-
erators are retrieved from knowledge schema stored in long term memory. 
That is, networks of knowledge units encapsulating both declarative and 
procedural knowledge [22,25].  
Problem solving phases. Several authors were observed to delimit de-
signing into problem structuring and problem solving (or search) phases. 
Akin [20] suggests that designers structure the problem during a pre-
sketching phase, and solve it during a “search for design” phase (p.204). 
Similarly, Goel [2] argues that problem structuring may occur at the start 
of design tasks; however, it may also “recur periodically as needed” 
(p.114). This is supported by Chan [22], who suggests that problems may 
be restructured during tasks in response to a “critical problem situation” 
(p.69), e.g. a decision to abandon a solution.   
Viewpoint 2: design as exploration 
A second viewpoint reflected in the studies considers designing to con-
stitute an exploratory process operating between problem and solution 
spaces. Central to this viewpoint is the perspective that design problems 
are evolutionary in nature – i.e. they may be reinterpreted and reformulated 
as designing progresses and a solution is developed [26,27]. 
When design problems are viewed as evolutionary, the designer’s task 
environment may be subdivided into (i) a problem space, encompassing 
knowledge of design requirements; and (ii) a solution space, encompassing 
knowledge of design solutions [26]. Rather than a search process, design 
may then be viewed as an exploratory process operating within and be-
tween these two spaces, where actions taken in the solution space (e.g. idea 
generation or concept development) may influence actions taken in the 
problem space (e.g. problem structuring or reformulation) and vice versa 
[5]. Interactions between the two spaces may also be understood in terms 
of the concept of situatedness, e.g. the notion that a designer’s understand-
ing of a problem is affected by what they draw and perceive in their 
sketches, and vice versa [28].  
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Studies on design as exploration were found to reflect two broad focus 
areas, namely co-evolutionary design and sketch-based design exploration. 
Sketch-based exploration may be further subdivided into the following ar-
eas: visual reasoning; cognitive actions; and unexpected discoveries and 
situated invention. Each area is briefly summarised in the following para-
graphs.  
Co-evolutionary design. The co-evolution model proposed by Maher et 
al. 1996 (cited in [5]) formalises the problem and solution spaces outlined 
above. Designing is described as a co-evolutionary process – that is, ac-
cording to Maher and Tang [26], a process that “explores the spaces of 
problem requirements and design solutions iteratively” (p.48), resulting in 
the evolution of design problems alongside solutions. The solution space 
provides the basis to evaluate/re-evaluate requirements in the problem 
space, and the problem space facilitates evalution of solutions proposed in 
the solution space. Interactions between the two spaces “may add new var-
iables into both” (p.48), e.g. new design requirements in the problem space 
or potential solutions in the solution space.  That is, the interactions may 
change the focus of designing.  
Visual reasoning. Goldschmidt [29] proposes that during sketch-based 
design tasks, designers follow a pattern of “dialectical reasoning” about the 
visual features of the sketch in relation to the design problem (p.139). That 
is, a pattern of visual reasoning that continually shifts between two modes: 
(i) seeing as, i.e. proposing properties/attributes that a design could possess 
based on e.g. metaphors and analogies; and (ii) seeing that, i.e. developing 
a rationale for design decisions relating to these proposals. Park and Kim 
[30] model visual reasoning in terms of three interrelated cognitive activi-
ties: (i) seeing, i.e. the perception, analysis, and interpretation of visual in-
formation in external representations; (ii) imagining, i.e. the synthesis of 
perceptual and conceptual information produced by seeing in order to gen-
erate and transform new internal representations; and (iii) drawing, i.e. the 
evaluation, confirmation, and externalisation of internal representations.   
Cognitive actions. Suwa et al. [31] propose a set of “cognitive actions” 
intended to comprehensively capture a designer’s cognition during sketch-
ing tasks. These are organised into physical, perceptual, functional, and 
conceptual categories. The categories are partly based on the work of Su-
wa and Tversky [32], and are argued to “correspond to the levels at which 
incoming information is thought to be processed in human cognition” 
(p.459). That is, sensorily (physical actions), then perceptually (perceptual 
actions), and finally semantically (functional and conceptual actions). Su-
wa et al. [31] claim that the proposed actions are supported by “an enor-
mous amount of concrete examples” (p.458) identified from the protocol 
of an architect studied by [32].  
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Unexpected discoveries and situated requirements invention. Suwa et 
al. [28] propose that during sketching tasks, designers may unintentionally 
create spatial relations between elements. Visuo-spatial features created by 
these relations may then be “discovered in an unexpected way” later in the 
design task (p.540). Suwa et al. [28] found that unexpected discoveries are 
often followed by cognitive actions to set up goals focusing on new issues, 
which in certain cases “become general enough to be carried through the 
entire design process as one of the primary design requirements” (p.547). 
This is termed “situated-invention” by the authors (p.540).  Unexpected 
discoveries and situated invention were observed to be correlated bi-
directionally, i.e. unexpected discoveries appear to drive situated invention 
and vice versa over the course of a sketch-based design task. 
Finally, it should be noted that a number of authors have also examined 
the role and significance of sketching in conceptual design, e.g. [33–36]. 
Whilst several of these studies conclude that sketches act as a form of ‘ex-
ternal memory’ that serves to offload a designer’s visuo-spatial working 
memory [33,35], the majority also demonstrate that designing using mental 
imagery alone may still result in satisfactory design outcomes. 
Viewpoint 3: design activities 
The final viewpoint reflected in the studies considers designing to consti-
tute a cognitive activity that may be decomposed into sub-activities that 
occur in particular patterns [11,37]. In this respect, a number of authors in 
the broader design literature may be seen to outline classifications of de-
sign activities, e.g. Hubka [11] formulates a hierarchy of design activities 
occurring at different points in the design process, and Sim and Duffy [38] 
propose an ontology of design activities organised into different catego-
ries. 
 Four major design activities associated with conceptual design were 
found to be studied by authors in the sample, namely: problem analysis; 
concept generation and synthesis; and evaluation. The nature of each activ-
ity is briefly outlined below. Authors were observed to study the activities 
both individually [39] and as part of studies on cognitive models [27] and 
activity patterns during the design process [1]. 
 Problem analysis. Problem analysis involves understanding the design 
problem, setting goals, and defining constraints and requirements [27]. Au-
thors were found to highlight a number of sub-activities involved in prob-
lem analysis, namely: information gathering [40]; inference [41,42]; prob-
lem decomposition [2,39,42,43]; identifying, exploring, clarifying, and 
prioritising constraints and requirements [40,44,45]; and problem refram-
ing [46]. 
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 Concept generation and synthesis. Concept generation may be posi-
tioned as involving the generation of ideas or partial solutions, and the syn-
thesis of these into more mature or complete concepts [27]. However, in 
certain studies, idea generation and synthesis are treated as separate activi-
ties [27,47]. In addition to synthesis, authors were found to highlight fur-
ther sub-activities involved in concept generation, namely: memory re-
trieval [3,44]; association/analogical reasoning/case-based reasoning 
[3,21,25,45,48]; and the generation/transformation/ maintenance of inter-
nal representations [3,30,44]. 
 Evaluation. Evaluation entails the assessment of concepts against de-
sign requirements, constraints, and criteria [27] typically defined during 
problem analysis [47]. Authors were found to highlight the following as 
sub-activities involved in evaluation: comparing [4,41]; judging, on the ba-
sis of value [41,47], aesthetics [49], affect [4], or objective criteria 
[43,47,48]; and decision making with respect to which concept should be 
taken forward from a range of alternatives [43,47,48].  
Cognitive processes in conceptual design 
As discussed in the introduction, the systematic review reported herein 
aimed to address the following question by synthesising the findings of in-
dividual protocol studies conducted to date: What is our current under-
standing of the cognitive processes involved in conceptual design tasks 
carried out by individual designers? Having summarised the characteris-
tics and focus of the reviewed studies, the following sub-sections provide 
answers to the research question and briefly discuss future work and chal-
lenges for the field. 
Processes identified from protocol studies 
To answer the research question, we firstly identified specific cognitive 
processes observed and discussed by authors in the focus areas reviewed 
previously. This revealed considerable differences in the concepts and 
terminology used to describe cognition. For instance, studies on design as 
search tend to use the language of problem solving research, describing 
cognition in terms of operators and state transformations [20,22,30]. In 
constrast, studies on design as exploration frequently describe cognition in 
terms of perception and the notion of situatedness [28,30]. To some extent, 
these differences may be considered to derive from differences in the para-
digms underlying each viewpoint. For example, it may be seen from the 
previous section that studies on design as search largely align with the per-
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spectives of the problem solving paradigm (Table 2), founded in the work 
of Newell and Simon [24].  In contrast, studies on design as exploration 
typically align with the perspectives of the reflective paradigm (Table 2), 
drawing from the work of Schon [50].  Studies on design activities vari-
ously reflect perspectives from both paradigms, or neither. 
Table 2 Key perspectives associated with the problem solving and reflec-
tive paradigms in design cognition research 
 Perspectives on the nature of: 
(based on [16])  
Paradigms: Designer Design prob-
lem 
Designing Design 
knowledge 
Problem 
solving  
Information 
processor in 
an objective 
reality. 
Ill-defined, 
unstructured, 
stable. 
A rational 
search pro-
cess. 
Design proce-
dures and sci-
entific laws. 
Reflective 
practice 
Person con-
structing their 
reality. 
Essentially 
unique, evolu-
tionary. 
Reflective in-
teraction with 
broader design 
situation. 
When to apply 
what proce-
dure or com-
ponent of 
knowledge. 
 
A major benefit of a systematic review is that it can reveal common 
findings across a large set of studies. However, owing to the differences in 
terminology and concepts discussed above, it is difficult to determine what 
cognitive processes are common across different viewpoints and therefore 
likely to be fundamentally involved in conceptual design tasks. To gain a 
clearer view in this respect, we grouped identified processes based on 
similarities conveyed in definitions and explanations, revealing 10 catego-
ries of cognitive function that appear to be studied across the different 
viewpoints and domains covered by the review: (1) visual perception; (2) 
mental imagery; (3) semantic association; (4) long term memory; (5) 
working memory; (6) selective attention; (7) creative thinking; (8) evalua-
tion and decision making; (9) externalisation; and (10) reasoning and prob-
lem solving. A useful distinction that is often made in the study and classi-
fication of cognitive processes in psychololgy is that between executive 
and non-executive functions. Executive functions refer to cognitive pro-
cesses involved in the selection and monitoring of behaviours to achieve 
goals, and are accessible to consciousness. In contrast, non-executive func-
tions are typically subconscious, largely automatic processes such as per-
ception and memory retrieval [51,52]. Processes 1 – 4 above may be 
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classed as non-executive functions, whilst 5 – 10 constitute executive func-
tions. 
Each of the above functions is presented and defined in Table 3, along-
side the particular cognitive processes identified through the review. Pro-
cesses presented in column 2 are the outcome of generalising specific ex-
amples identified from the reviewed studies. Illustrative examples in this 
respect are presented in column 3. Owing to the space limitations of a con-
ference paper, it is not possible to present every specific example identi-
fied. Note that the function categories were based on the set of identified 
processes, but informed by the cognitive psychology literature (as indicat-
ed by the citations in column 1).  
Table 3 Identified processes and function categories 
Function category Cog. processes  Specific examples  
Visual perception, i.e. the 
process of constructing 
and consciously sensing 
internal (visual) represen-
tations of the external 
world [53–55]. Perception 
is driven by afferent senso-
ry information [56]. 
 Perceiving external rep-
resentations. 
 Analysing and interpret-
ing afferent visual in-
formation. 
Data input operator 
[22] (V1). 
Unexpected discovery 
of visuo-spatial fea-
tures and relations 
[28] (V2). 
Information gathering 
[40,57] (V2). 
Mental imagery, i.e. the 
generation, maintenance, 
and manipulation of inter-
nal images, driven by in-
ternal information from 
memory but may be influ-
enced by incoming sensory 
information [58]. 
 Generation of mental 
images. 
 Maintenance of mental 
images. 
 Transformation of men-
tal images. 
Generation of mental 
images [3,30] (V2). 
Maintenance of imag-
es [3,30] (V2&3). 
Transformation of im-
ages [3,30] (V2&3). 
Semantic association, i.e. 
the formation of mental re-
lationships between mean-
ingful representations [59]. 
Semantic association is in-
tricately related to seman-
tic memory (above), where 
associations exist [60]. 
 Association of concepts. 
 Transformation of con-
cepts. 
Generalisation opera-
tor – associate attrib-
ute to supra-symbol 
[20] (V1). 
Explore interactions 
between artefacts and 
people/nature [31] 
(V2). 
Transformation of 
concepts [61] (V3). 
Long term memory, sup-
porting long term retention 
and retrieval of contextual-
 Retrieval of information 
from long term memory. 
Retrieve schema from 
memory [22,23,25] 
(V1). 
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ised events (episodic 
memory) and conceptual 
knowledge (semantic 
memory) [62,63]. 
Retrieve knowledge 
[31] (V2). 
Memory retrieval [3] 
(V3). 
Working memory, sup-
porting simultaneous stor-
age and manipulation of 
visuo-spatial and phono-
logical information 
[64,65]. 
 Activation, manipula-
tion, and maintenance of 
information in working 
memory. 
Patch operator – 
add/combine infor-
mation with making it 
less abstract [23] 
(V1). 
Selective attention, i.e. the 
process of selecting and 
focusing on a stimulus 
while disregarding other 
stimuli [55,56]. 
 Focusing attention on 
different parts of exter-
nal representations. 
 Focusing attention on 
different properties of 
external representations. 
Select information op-
erator [23] (V1). 
Attend to visual fea-
tures and spatial rela-
tions [31] (V2). 
Creative thinking, i.e. the 
generative and exploratory 
processes involved in de-
veloping ideas that are 
both novel and useful 
and/or valuable [56,66]. 
 Idea generation. 
 Concept composi-
tion/synthesis. 
 Concept development. 
Create operator – gen-
eration of information 
that appears spontane-
ously [20] (V1). 
Imagining [30] (V2). 
Concept generation 
and composition [27] 
(V3). 
Evaluation and decision 
making, where decision 
making is the deliberate 
selection of one option 
over another [55], and 
evaluation is the related 
process of determining the 
worth or value of a par-
ticular outcome/entity 
[67]. 
 Comparing and judging 
concepts. 
 Decision making about 
concepts. 
 Evaluation of mental 
images, design require-
ments, and design solu-
tions 
Reject operator – de-
termine unsatisfactory 
proposal [23] (V1). 
Evaluation and con-
firmation of internal 
representation [30], 
and evaluation of re-
quirements and solu-
tions [26] (V2). 
Comparing and judg-
ing [4] (V3). 
Externalisation, referring 
to the process of externally 
representing an internal 
idea or image, e.g. through 
sketching [24,68]. 
 Drawing/sketching. 
 Depicting. 
Representation opera-
tor – create an exter-
nal representation [20] 
(V1). 
Drawing [30] (V2).  
Reasoning and problem 
solving, where reasoning is 
the process of thinking in 
accordance with logic [55], 
and problem solving is the 
 Inference. 
 Problem structuring, 
analysis, and redefini-
tion. 
Search process 
[2,20,22] and deduc-
tive reasoning [42] 
(V1). 
Invention of new de-
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process of finding solu-
tions to problems [24]. A 
problem is a situation 
where the end goal is 
known, but the means of 
achieving it are not 
[24,55].  
 Solution search. 
 Process control (e.g. 
monitoring and manag-
ing goals, constraints, 
and requirements). 
sign requirements [28] 
(V2). 
Problem analysis [27] 
(V3). 
Key observations and future work 
Whilst the variation in concepts and terminology may be attributed to dif-
ferences in underlying paradigms, it also highlights a lack of general mod-
els and theories of conceptual design cognition. This conclusion is sup-
ported to some extent by Dinar et al. [7], who argue that the field suffers 
from a lack of “cognitive models and theories of designer thinking.” Mod-
els and theories may be applied to generate predictions about different as-
pects of cognition, which may then be tested experimentally to further our 
knowledge of designers’ internal processing. Thus, they are crucial for ad-
vancing the field (p.9). 
Developing general formalisms to describe the cognitive processing in-
volved in conceptual design requires an understanding of: (i) the cognitive 
processes fundamentally involved; and (ii) the interactions between the 
processes. The review reported herein has consolidated knowledge relating 
to (i), outlining a range of executive and non-executive functions studied 
across different viewpoints and domains. With respect to (ii), a number of 
authors in the sample were found to propose tentative relationships and 
cognitive models on the basis of protocol analysis findings e.g. 
[3,28,30,69,70]. However, a weakness associated with knowledge derived 
from protocol studies is that it is necessarily based on small samples of de-
signers, and subjective inference from verbal and behavioural data. Subjec-
tivity is particularly problematic in the study of non-executive functions, 
which are typically not accessible to consciousness for verbal reporting 
[51] and therefore tend to be inferred from observations of physical behav-
iour alone (e.g. mental imagery processing in [30]). Although the use of 
standard coding schemes and multiple coders can reduce subjectivity to 
some extent, these do not address issues relating to sample size, e.g. the 
statistical significance and generalisability of results. Thus, a significant 
avenue for future research is testing the findings and hypotheses generated 
through protocol studies using more objective methods conducive to the 
study of larger samples. Dinar et al. [7] highlight the use of controlled lab 
experiments, typical of cognitive psychology research, as a potential ap-
proach in this respect. Systematically reviewing the relatively small num-
ber of these studies conducted to date presents another task for future re-
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search. A more fundamental challenge for the field as it advances may be 
how to integrate rich, qualitative approaches such as protocol analysis with 
more objective and extensive quantitative approaches.  
Finally, the variation in concepts and terminology exposed by the re-
view also points to a fundamental question for research on conceptual de-
sign cognition: what processes and relationships are actually of interest, 
and how should they be defined for study? Whilst the function categories 
applied in this review are reasonable from a psychology perspective, they 
may not constitute the most appropriate means of defining and organising 
the processes involved in design. This may be seen to mirror current onto-
logical debates in psychology and neuroscience research, where efforts are 
under way to develop a shared ontology of processes and relationships 
[71]. Several design researchers have proposed ontologies, e.g. [15,38,72]. 
However, these tend to neglect non-executive functions and are not neces-
sarily intended to describe design at the cognitive level. The development 
of a general ontology of cognitive processes in conceptual design would 
not only provide a consistent and comprehensive basis for developing the-
ories and models, but it would also increase the comparability of findings 
from different studies and promote a more integrated body of knowledge 
on design cognition. 
Concluding remarks 
This paper has reported the findings of the first systematic review of 
protocol studies specifically focusing on conceptual design cognition. Cur-
rent knowledge regarding the nature of the cognitive processes involved in 
conceptual design tasks has been consolidated, revealing ten categories of 
executive and non-executive function that appear to be studied across the 
field. The findings highlight several avenues for future research, centering 
on the need for general formalisms, more objective methods to supplement 
protocol analysis, and a shared ontology of cognitive processes in concep-
tual design.  
In closing, the work has demonstrated that the systematic review meth-
od provides a means to synthesise the findings of a large number of studies 
in a rigorous and transparent manner, revealing common findings and ex-
posing differences in perspectives and terminology. Thus, further use of 
the method may help to build a more integrated body of knowledge on de-
sign cognition, and therefore make a significant contribution to advancing 
the cognitive component of design science. 
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